The complex geological setting of groundwater systems in the Lake-Iro District (LID) gives cause for the adoption and application of a systematic methodological approach in groundwater exploration utilizing effective geophysical techniques. Among these geophysical methods, the electrical resistivity imaging (ERI) method has been found to be the most suitable for this kind of environmental study, due to the conductive nature of most waste liquids. The measurements were performed with the Syscal Junior R1-Switch-48 multi-electrode systems (Iris Instruments) of which pole-dipole and pole-pole configurations were used in 25 villages for a total of 30 productive boreholes. Data were processed using a 2D inversion program (Res2Dinv) and by finite element method (FEM) modeling. Interpretation of the processed electrical images has revealed the utility of this technique in the selection of boreholes sites in difficult terrains, such as the case of LID. The ERI method has produced significant pseudo-sections with high quality in terms of structural resolution leading to significantly defined layering of different lithological units, depth to bedrock and weathering profiles and identification of structures such as fractures at the subsurface. The aquifer, whose fractures control the flow, has been found to be heterogeneous, anisotropic and discontinuous. The relationships between the weathered thicknesses/operating flow rate and lithology when compared with hydrodynamic parameters has made it possible to highlight the groundwater potentiality in the basement of LID. In conclusion, the results of borehole drillings have confirmed a success rate of 65.22% and the groundwater is generally exploitable in the granitic formations with reservoirs having dissociated properties.
INTRODUCTION
Water being an essential component of security, and key to economic and social development, has direct influence on water resources and the natural environment. However, these various influences are temporally and spatially changing and seemingly tasking to predict. Above all, accessibility to safe drinking water has forms the bane of economic and environmental development across the globe. In developing countries, such as Africa, improvement in the water supply has lately been recognized to have a direct positive impact on public *Corresponding author. E-mail: massing.2@hotmail.com.
health (Odai et al., 2004) .
In Chad, water resources development has been identified as crucial to the control and eradication of communicable diseases, and more importantly the well being of the rural population. Groundwater in some parts of Chad occurs in basement rocks and in the interface between the overburden and bedrock (Hcne et al., 2005) . These discontinuous aquifers often of Precambrian age (Liégeois, 1992 (Liégeois, , 1993 consist of eruptive and/or metamorphic rocks. Therefore, accessibility to groundwater resource remains uncertain in these regions; due to the aquifers natures and complexity. Aquifers in this complex geological are subjected to high variability of the hydrogeological parameters. Granitic terrains are normally traversed by lineaments such as quartz vein/reef, pegmatite veins, dolerite dykes, etc. This makes the groundwater dynamics more complex; thus, it becomes more demanding to understand the characteristics and hard rock aquifer set up (Subash et al., 2010) . Lake-Iro District (LID) located in the Southeastern of Chad Republic with an area of about 16400 km 2 is fit into this complex hydrogeological setting. In LID, groundwater has been identified as the best source of supply water for rural dwellers owing to its limited and negligible potentials in water borne diseases which had been affecting the populace in this region over the years.
Adequate groundwater exploration and its sustainable management appearance are required in ensuring potable and safe water availability to cater for the entire populace. Thus, the Project of Rural Water Supply in Salamat and Lake-Iro (PRWSSLI) has been commissioned by the Chadian government in conjunctions with the French Development Agency (FDA). This will facilitate the accessibility of potable water supply to the community.
In a complicated situation, the integrated use of geophysical methods becomes an important tool in the characterization of favorable zones for boreholes sites. In these geophysical methods, the electrical resistivity imaging (ERI) method has been found to be the most suitable for this type of environmental study due to the conductive nature of most "waste liquids" (Orlando and Marchesi, 2001; Soupios et al., 2006; Bernstone et al., 2000; Ogilvy et al., 2002) . The measurements were performed with the Syscal Jr R1-Switch-48 multielectrode systems (Iris Instruments) for which pole-dipole and pole-pole configurations were used.
This study basically dwelt on the location and identification of potential water bearing zones in the study area and evaluation of hydrogeological potential of LID through the determination of hydrogeology and hydrodynamics of the aquifer material from borehole drilling data. Finally, this study determined the efficacy and efficiency of 2D ERI application in selection of potential borehole drilling locations and its ability at determining a borehole drilling success rates.
GEOLOGICAL AND HYDROGEOLOGICAL SETTINGS
Lodging and availability of groundwater resources are the basic conditions of geological settings of LID. There is also a granite-gneiss basement bordering the zone in its northern and western parts and a sedimentary basin in the south and west made up of sandy clayey with high thickness (Bceom, 2004; Schneider, 2001) . The geological settings of LID have the following features:
(1) The basement has the granitic and magmatic dominance around the lake (Lake Iro) which outcrops in Oursingbe et al. 2721 the north and west of the study area (Schneider, 2001) . It is constituted mainly of old granites alkaline and metamorphic formations (quartzite and micaschist). The intrusive granites delay and post-tectonic form inselbergs which reaches about tens to hundreds meters above the granitic. In the north, the basement is masked by a covering of the Quaternary sandy-silt deposits at low thickness and its presence is betrayed by the outcrops of many inselbergs (Hcne et al., 2005) . A portion of the basement is overlain by sandy silt deposits. This covering is sterile and the discontinuous resources of the basement are difficult to locate under this sandy cover. It is possible that in some places, the aquifer is drained towards the sedimentary basin and in which some sectors are devoid of groundwater resource (Kusnir, 1995; Schneider, 2001; Hcne et al., 2005) . The basement of LID, dating mainly from the Precambrian, are particularly affected by two main directions assigned to the Atlantic rift N45 to 65° and the East-Africa rift N115 to 135° (Bertone, 2009; Ragot, 2008) . These directions which seem to have functioned in opening are favorable to circulations in the basement. The basement domain is characterized by the discontinuous aquifers compartmentalized by faults with a porosity and permeability of fissure (Bceom, 2004) . These discontinuous aquifers are located in areas of basement outcrop, including under several meters thickness of covering (weathered deposits, Quaternary and tertiary deposits). These configurations are found in the north and northwest (Bceom, 2004; Ramel, 2007) . The geometry of these aquifers including the covering formations may under certain conditions contain a sub-surface resource circumscribed within the space limits of the reservoir rock and the substratum formations under the various lithologies.
(2) The sedimentary basin developed on a tectonic subsidence rift appeared in the lower cretaceous with northeast to southwest orientation and being connected on the basin of Lake Chad. These sedimentary rocks are in unconformity with the crystalline and metamorphic substratum which outcrops on the central massif of Chad (Guéra) and Ouaddaï (Hcne et al., 2005; Bceom, 2004) . It should be noted that the sedimentary basin is filled by the series of the continental terminal (CT), which consists of a series of clayey-sandy, containing more or less coarse facies and sandy depending on the levels and containing ferruginous mudstone horizons or Kaolin (Ramel, 2007) . These series can be easily confused with the Quaternary deposits overlying which have the same farcies. The sedimentary basin is characterized by a domain of continuous aquifers which covers a certain part of LID.
MATERIALS AND METHODS
In this study, the identification of geological structures such as faults, fractures, joints and veins have been carried out using radar images acquired by the JERS-1 sensor operates in band L (λ=23.5 cm) in polarization HH with a spatial resolution of 18 m. The interpretations are made on the screen with the topographic background, using ArcGis Software. Then, the structural discontinuities, such as faults, fractures, joints and veins of significant size are marked manually by visual identification of lineaments. The main factor in identifying favorable fractures is their orientation. Indeed, being an area undergoing a regional compressive stress, the transmissive fractures are those oriented in two shearing directions separated from 30 to 45° of the compressive stress direction (Krásný et al., 2003) . Thus, the fractures oriented according to the direction N40° ± 5° (N35 and 45°) and N112° ± 5° (N107° and 117) are identified significantly in accordance with their productions. From the interpretation of the radar images, the prospecting plans are established, given the coordinates of points to be investigated and the profiles directions. Secondly, the prospecting campaign has been conducted from December 2009 to February 2010 in 25 villages of LID. According to the prospecting plan, the profiles of ERI were realized perpendicularly to the fractures directions and whose the center of each profile is located exactly at the site proposed by this plan. The geoelectrical data were collected using an IRIS-Syscal Jr.Switch-48 instrument. The equipment is light and powerful for deep penetration of which the minimum input impedance for receiver is 10 mΩ. The system features 48 electrodes spaced of 5 m, enabling fully automated measurements of the subsurface apparent resistivity using pole-dipole (PD) and pole-pole (PP) configurations.
In PD, the current electrode (electrode A) must be placed sufficiently far from the survey line. Depending on the difficult field conditions, this electrode is placed perpendicularly at 750 m from the profile line. For the maximum investigation of 70 m, the asymmetrical effect is removed by repeating the measurements with the electrodes arranged in the reverse manner (direct and reverse). In PP configuration, for a maximum investigation of 100 m, two electrodes are placed perpendicular at 800 m either side from the survey line. Data are processed with the inversion algorithm, Res2Dinv, version 3.58 proposed by Loke (2009) in order to obtain a resistivity section. The inversion routine used by the program Res2Dinv is based on the smoothness constrained, least-squares method inversion algorithm (deGroot-Hedlin and Constable, 1990; Sasaki, 1992; Loke, 2001 ). The 2D model used in this program divides the subsurface into a number of small rectangular blocks (Loke, 2009) , and the resistivity of the blocks is adjusted in an iterative manner to minimize the difference between the measured and calculated apparent resistivity values. The latter are calculated by the finite element method (FEM) (Dittmer and Szymanski, 1992) . By default, the maximum number of iterations in this study is set to 7 for the least square inversion subroutine. The programs usually converge within 4 to 6 iterations which are probably sufficient for most data sets. The accuracy of fit is expressed in terms of the root mean square (RMS) error. In the current study, the mean RMS errors for all the conducted geoelectrical profiles ranged from 2 to 5%. The contact resistivity of the electrodes is sufficient, and as the high RMS error may be explained by poor-quality data, the quality of the measurements was further elaborated. The resolution and error analysis of the measurements led us to the conclusion that the high RMS error (over 20%) could be explained by the high heterogeneity of the area under investigation. According to the inversion theory, complex resistive environment causes computational difficulties (high RMS error) (Georgaki et al., 2007) during the inversion process and optimization trying to reach the global minimum. RMS error can be reduced by applying additional regularization parameters (damping, smoothing, etc) . In this application, the damping factor specifies the weighting between data constraints and the assumed smoothness of the subsurface. The program Res2Dinv requires an initial value 0  for the first iteration and for each subsequent iteration, the program reduces the  value by 50% until the specified minimum value min  is reached.
In this study, the minimum value min  is 1/2 of the initial value 0  . Figure 1 shows the inversion results for Guimassa profile using 0 0.1   and min 0.005  
, respectively for initial and minimum value of damping factor for a RMS=3.1%. The final result of a 2D resistivity survey is a cross-section of the calculated rock resistivity along the profile line. This cross-section includes the structural interpretation of the resistivity data and can then be used for borehole establishment. After measurements of data processing and interpretation, borehole locations have been provided in real time with GPS coordinates, ground markings and visual involvement. The best anomalies are then proposed for drilling. Thus, for a total of 30 productive boreholes, 60 electrical imaging are carried out in the crystalline basement of LID. Borehole drillings are performed through "down-the-hole hammer method" and equipped with foot pumps of type Vergnet.
RESULTS
The ground resistivity is related to various geological parameters such as the mineral and fluid content, porosity, degree of fracturing, the presence of the fractures filled with groundwater and degree of water saturation in the rock. Thus the localization of borehole on the 2D pseudo-section is based on the research and the characterization of these geological parameters and on the most conductive zones (Figure 2 ). According to the geophysical anomalies form and their relationship with the lineaments, they can correspond either to a maximum thickness of the altered zone, or to the existence of fissures and fractures in the basement roof or to the existence of deep tectonic fractures.
These geophysical anomalies are classified in order to ensure if a "signature" appeared more interesting than others. The selection of geological anomalies has been carried out by considering the values of electrical resistivity of the layers but not the color display by the various pseudo-sections. These geological signatures can be summarized as: faults well marked and narrow; faults well marked but wide; faults intersected before the node; compartment collapsed; faults very marked. At these, anomalies may be added the superimposed forms for which: zone moderately resistant above the faults; zones partially resistant above the faults; two faults inclined possibly characterizing an alteration; junction of two vertical and inclined faults; inclined fault.
It should be noted that, among the 60 borehole establishments, 46 boreholes are drilled and of which 30 are declared productive (or positive). The drilling campaign enabled us to obtain a satisfaction of 90%. 
DISCUSSION

Analysis of 2D ERI results
The interpretation of data resulting from the 2D ERI provide information on the lateral variations of facies (for example, contact between granite-schist), on the presence or absence of fracture zones, the importance of this fracture (main fractures, secondary fractures, faults) and on aquifer potentialities of the geological formations. Based on data available in this study, and in accordance with the highlighted succession of its geological structures, the pseudo-sections of the study area have been classified into four basic zones. The first zone is characterized by the dominance of lateritic layers on the surface, and generally having relatively high resistivity values from the surface to a depth followed by layer of low resistivity. The pseudosections highlighted at a certain depth the presence of faults or fractures favorable for borehole establishments. These faults or fractures show the presence of resistant layers characteristic of the crystalline basement. In these zones, targets for groundwater are the conductive layers (low resistivity layers) beneath the lateritic layers. These layers with relatively low resistivity are interpreted as being probable for the presence of an aquifer due to deep fissures and the presence of water which has made the granitic layers electrically conductive. These fissuring zones detected by ERI consistently show an apparent confined aquifer which may be linked to downward movement of some fissures or to the local silica process. Villages like Simegotobe P2, Kinda P1 and Malakoume P3 are identified as characteristic of this kind of zone. The profile in Figure 3 represents typical 2D resistivity models in these units where the compilation of data from geophysical interpretation and the data from drillings have shown a good correlation between different results.
The second zone is characterized by layers having lower to moderate resistivity layers from the surface to a depth. The resistivity values increase with depth. These resistivity layers could also represent intercalations of different rocks. The low resistivity zones are not usually considered as targets for groundwater exploration because they might be areas of dominant clay materials. However, the relatively higher resistivity zones are preferred. The villages Sogotoko P1 and P2, Boumsaker P2, Simegotobe P3A, Malakoume P1, Dangagnei, Soukakebir P1, Batonou, Toutoumby and Maingara belong to this type of group. The pseudo-sections of these villages are different from each other by the signature of their geophysical anomalies. Figure 4 shows the pseudo-section example of the second zone where the granite is highly altered and is little different from the overlying sandy clays, but gradually increases from the hefty fractured rock to bottom compartment. The third group is generally underlain by two main electrical resistivity layers. The layers of lower resistivity values are surrounded below and above by layers having higher resistivity values. In this group, the discontinuity (conductive layers) is considered as probable targets for groundwater exploration. These layers with relatively low resistivity values are interpreted as being probable with the presence of confined aquifer. Figure 5 represents the typical 2D resistivity models of this zone where the probable discontinuity is interpreted at station 120 m. The size of this discontinuity observed beneath the station is significant for a productive aquifer. Drilling is successful within 57 m deep for a yield of 5.84 m 3 /h of the borehole. Villages such as Boune and Koure are identified as characteristic of this zone.
The last zone presents the pseudo-sections characterized by a disparity of the resistant layers on the surface after the topsoil. These layers distributed randomly are followed by alternating the conductive and resistant layers from the surface to the depth. In these Resistivity (m) 
Analysis of borehole drillings results
Among the 30 boreholes been declared positive, 9 are located in deep basement areas. These boreholes are localized either at the limit of the sedimentary basin in which the roof of the basement is more than 70 m or in the vicinity of shallows where the water stagnates and causes a significant alteration of the basement. This deep basement area supposed as sedimentary zone materializes along the left bank of Bahr Bola (Malakoumé, Kinda, Oulouboye, etc.), show an increase of the basement which is probably the origin of the river route. The depths of these drillings do not reach the basement, because during drilling operations, the interesting and sufficient flow rates are obtained before reaching the basement. Figure 7 illustrates the deepening zones of basement in the South (Mandjoua, Balle, etc.) and of climb up of basement towards the lake, where the first granitic inselbergs of the sector are observed. Boreholes located in this sector, characterize the zone of basement under weak covering of which, 21 boreholes are in it. In these areas, the factors as deep of water inflows, number of water inflows and the thickness of the healthy basement drilled determine the existence of aquifers and for which, the productivity of borehole is related to these factors.
In this study, half of the water inflows are located at the interface of the altered rock and the covering while the other is in the fractured mass of the hefty rock. It should be noted that 58.82% of water inflows are located at depths ranging between 30 and 50 m and 38.24% are located between 50 and 70 m. No water inflow has reached a depth beyond 70 m. These results enable us to assume that beyond 70 m the chance to have water inflows are reduced. This depth may be considered as a limit depth of drilling into the basement under weak covering in LID.
The variation of the flow rate according to the thickness of alterite shows that the importance of the flows does not seem to establish a particular relationship with the power of this rock. However, the average of flow rates exploitation (Q > 0.5 m 3 /h) are generally found in areas where the alterites thicknesses are ranging between 20 and 42 m. Beyond 45 m of alterite thickness, no interesting flow has been obtained in the crystalline basement of LID. These results are conforming to the results of others studies been carried out in Côte d'Ivoire (Berger et al., 1980) , Burkina Faso (Sourisseau, 1981) and Togo (Assouma, 1988) .
The analysis of flow distribution according to the borehole total depth shows that, the optimal depth to suggest economic drilling is ranging between 30 and 70 m. The depths ranging between 30 and 60 m are characterized with higher flows rates being able to reach 12 m 3 /h. These results make it possible to assume that the optimal depth for productive borehole could be around 65 m.
The contrasts between the circulation in the shallow basement and the deep basement are very significant. Indeed, parameters such as drawdown (s), specific flow (s/Q), static water level (SWL) and average depth of drilling is much lower in the deep basement. However, there is a similarity of results obtained with those of the project of rural water supply in Ouaddaï-Biltine (PRWSOB). In this study, the average conductivity is much lower, the success rate is much higher and the depth of water inflows is greater. This is probably attributed directly to rainfall which is two times higher around lake.
Analysis of borehole results according to the geology and tectonics
The geological analysis of borehole result shows that, the aquifer material is predominantly granitic. The best results are found in particular with pink granites, hefty granite and altered granite with frequencies, respectively 33.34, 19.05 and 14.28%. According to the reservoir rock, 70% of productive boreholes are located on the granite (altered granite, fissured granite, crushed granite or granite with biotite) and 30% are in areas described as sedimentary or zone of deep basement. In accordance with these analysis, we can affirm that the principal aquifer in this study area consists mostly of granite of which 82.35% of water inflow gives a satisfactory flow (Q > 0.5 m 3 /h). The tectonics aspect is a fundamental criterion for boreholes establishment in basement zone. However, the study of radar images makes it possible to know on which scale it is imperative to conduct the study for a project of rural water supply. Within the framework of this study, the two directions of fractures (N40° ± 5° and N112° ± 5°) selected at the beginning of the study do not show significant differences in terms of classes of flow and the direction N115°E shows a bit more dry boreholes. However, some areas have been relocated due to flood areas, some radar images are not available and therefore it is premature to establish conclusions on this tectonics aspect.
Analysis of dry borehole results
During this drilling campaign, 16 boreholes appeared negative, that is, with failure rate of about 34.78%. However, in all pseudo-section which allowed the establishment of borehole. The existing fractures have been highlighted by the ERI. It has been observed that granitic material is highly fractured, but no water inflow is observed at the interface of alterites with the rock or in the fractures of healthy granite. The conductive anomaly may produce a negative drilling. In this case, the fractures are either filled by mud, or the water flowing through these fractures migrates towards another zone. Thus, there exists a problem of feeding of the fractures that neither the radar images nor electrical tomography can detect, because in all these boreholes, the profiles of ERI have shown significant anomalies.
The depth of boreholes is ranging between 68 and 80 m with an average depth of 72.83 m. A problem of fractures feeding exits, thus, "below 75 m depth, the chance of having water is reduced". This problem can also be explained by the effect of increasing confining pressure that closes the fractures at the depth and reducing the permeability to zero. This depth can be considered as the limit (maximum) depth in the crystalline basement of LID. Figure 8 illustrates the example of these kinds of dry boreholes and specifies the location of drilling, its depth, its lithology and also highlights the anomaly of underground structure. It should be noted that the granite is highly fractured between 55 and 80 m, but no water inflow is observed, neither at the interface of the alterites with the rock, nor in the fractures of the hefty granite. The thickness of alteration may be an indicator of fractures sealing by the products of the basement decomposition which limits the productivity of the works. It should however be noted that the formations of our study area would be that of acid type and their alteration is not necessarily clayey. The sealing of fractures by the products of basement decomposition limitation, thereby the productivity could explain a part of the failures of the works in this area.
Conclusion
This research opened up new dimensions in the application of geophysical techniques for groundwater exploration in the basement of LID, Eastern region of Chad. Indeed, the use of geophysics in general has led to an increase in the success rates of boreholes. This study has demonstrated the utility of Syscal-Jr-switch-48 using 2D ERI technique to select boreholes location in difficult terrains such as the case of LID. Indeed, the results of borehole drillings have confirmed a success rate of 65.22%.
In addition, the ERI method has produced significant pseudo-sections with high quality in terms of structural resolution leading to significantly defined layering of different lithological units, depth to bedrock and weathering profiles and identification of structures such as fractures at the subsurface. These structures are quite important in groundwater exploration. The relationships weathered thicknesses/operating flow rate, lithology compared to the hydrodynamic parameters made it possible to highlight the groundwater potentiality in the basement of LID. It appears from these analyses that the groundwater is available and generally exploitable in the granitic formations whose reservoirs have dissociated properties. This aquifer whose fractures control the flow has been found to be heterogeneous, anisotropic and discontinuous.
